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The first is the direct approach of a population survey and especially, since the disease is commoner in males, a measurement of its incidence in men. In the event of full penetrance and ascertainment of the XY genotype, the mathematical treatment is commendably simple, for the incidence in men is numerically equal to the gene frequency. The weakness of the method, however, is its dependence upon the presumption of full penetrance and this difficulty is manifest in the varying estimates yielded by different methods at different times. Bell (1933) quotes a survey in 1892 which yielded an estimate of 2-18 per cent. male incidence; Gates (1946) quotes another early survey of 14,846 persons where the male incidence was 4-16 per cent., and other more recent surveys give estimates in European populations of 6 63 per cent. (Grieve, 1946) , 7 49 per cent. (Vernon and Straker, 1943) (Wieland, 1933) , and 10-07 per cent. (Schiotz, 1922) . Detection of colour blindness by Ishihara charts is no doubt responsible for recent estimates being higher than earlier ones. But even allowing for this and for the fact that there seem to be geographical variations in the incidence of colour blindness (see Vernon and Straker, 1943) , the variations among the different estimates of incidence are sufficient to cause some doubt about the validity of direct conversion of the male incidence to a genefrequency estimate. Nor indeed would a higher degree of consistency necessarily validate such a conversion; used alone the method does not provide any objective means of assessing its own propensity to overor under-estimate.
The second approach depends upon the sex ratio of the disease. While the male incidence of a sexlinked disease is proportional to the gene frequency (g), the female incidence is proportional to its square (gs) (Knox, 1958; Dahlberg, 1947) , and provided 4 Medical Research Council Clinical Research Fellow. that the penetrances in the two sexes are equal, though not necessarily complete, the ratio Female affected/Male affected in a population provides an estimate of g. Since the premise upon which this is based is different from the premise of the first method (full penetrance in males) it provides a very useful check. Its disadvantage arises because sex-linked disorders are relatively rare in females and even enormous population surveys yield quite small numbers. Schiotz (1922) reported an incidence of 10 07 per cent. in 2,005 males and 0-91 per cent. in 2,200 females. The F/M ratio is 0 9, a reasonably close check upon an estimate of g derived from the incidence in males. The 95 per cent. limits for the F/M ratio are 0 052-0 162, wide enough to be compatible with the incidence in males but also wide enough to deprive the estimate of precision.
Waaler (1927) reported an incidence of 8 07 per cent. in 9,047 males and 0 44 per cent. in 9,072 females. Here the F/M ratio is only 0 055, considerably less than the gene-frequency estimate based upon the male incidence. Again, however, the 95 per cent. limits of the ratio are wide, 0-039-0 075, and it is doubtful if the difference between the results of the two methods could be considered statistically significant. But the same remarks apply here as to the data given by Schiotz, the sex ratio seems only to confirm the accuracy of direct estimates in a very general way and in a survey of manageable size can scarcely hope to compete in precision.
A third example of the difficulties of this approach is found in the data of Kilborn and Beh (1934) , who found an incidence of 6-5 per cent. in 2,279 male Chinese and 1-7 per cent. in 1,132 females. The sex ratio gives a gene-frequency estimate of 0-26, an inconsistency in the opposite direction to Waaler's and much of it reasonably attributable once more to the small numbers.
A similar inconsistency of greater extent is found in the data of Schmidt (1945) , who is reported as finding an incidence of 7 per cent. in males and 4 per cent. in females.
These checks upon direct estimates of the gene frequency for colour blindness generally confirm that it is between about 0 05 and 0 10 in most European populations, but additional data would clearly be welcome. ignores families with less than two affected sibs and it takes greater note of larger sibships, taking n(n -1)/2 units of information for a family with n affected sibs (see below). We might therefore expect it to be reasonably robust and relatively resistant to the kind of bias introduced by publication.
The ratios 1: 2g: g were derived originally from the product of the sex ratios of the first of a pair and the expected sex ratio in the next (Knox, 1958) . The relationship applies to the sum of all possible pairs when more than two individuals are affected in a sibship, that is, three pairs for three affected, six pairs for four affected, ten pairs for five affected and in general n(n -1)/2 for n affected. In order to improve confidence in the contention that all pairs should be counted, an alternative derivation of expected pair frequencies in sibships of size 2 and 3 is presented in the next two panels. These frequencies are based upon successive multiplication of population parental mating-type frequencies, the binomial probabilities of different sex constitutions of the families, and, in each case, the expected genotype frequency combinations. It can be seen that the ratios 1 : 2g: g are derived by the addition of the probabilities of all possible pairs of the appropriate types.
It follows from this that the ratio (MF +FF)/MM is 3g, and that an estimator of g which uses all the information is: 
DATA AND ANALYSIS
The data used for the present estimate are the pedigrees for "Congenital Colour Blindness" published by Bell (1933 The expected 2:1 MM: FF ratio is very closely realized (see also Csik and Mather, 1937) , and the distribution is very different from a binomial distribution. Numbers of affected males and females in the 184 families are 845 and 93, some individuals being counted several times in the pair-combinations and others not at all.
The sex ratio is therefore 0 11, but reasons have been given for supposing that this is not a legitimate estimate of g in the present circumstances. On the other hand the method based on the MM: MF: FF ratios and proposed above as a legitimate one gives:
1 MF+FF 1 102
The 95 per cent. limits for this estimate (i.e. based on the ratio 102 : 489) are 0'056-0' 086.
CONCLUSIONS
The precision of this result is higher than for the estimates based upon the sex ratio in populations, and in magnitude it corresponds closely with most of the estimates based upon male incidence as measured by Ishihara testing. This close correspondence is noteworthy from several points of view.
First, it is an endorsement of Ishihara testing as an accurate means of detecting colour blindness. Secondly, it confirms the validity of the concept of a sex-linked recessive gene as the main determinant of the defect., Alternatively, since the present result is manifestly sensible in relation to others, it can be regarded as an endorsement of the method used.
SUMMARY
Gene-frequency estimates forcolour blindness have been obtained by two main methods, the first depending upon the incidence of the defect in males, the other upon the sex ratio. The methods depend on different premises and provide a useful mutual check but the second method can give precise results only in enormous surveys. A new method is suggested based upon published pedigree data. It is found to give a relatively precise result and the estimate of 0 07 corresponds closely with those of direct methods.
